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Magnetoelectric Bi3.15Nd0.85Ti3O12–NiFe2O4 (BNT–NFO) bilayer ﬁlms were deposited on Pt/Ti/SiO2/Si(100) substrates by a simple SOL–
GEL method and spin-coating process with different growth sequences of BNT and NFO yielding the following layered structures: BNT/NFO/
substrate (BNS) and NFO/BNT/substrate (NBS). Such heterostructures present simultaneously strong ferroelectric and ferromagnetic responses,
as well as magnetoelectric effects at room temperature. BNS thin ﬁlms showed larger ME voltage coefﬁcient than NBS ﬁlms, revealing that the
layer sequences have a signiﬁcant inﬂuence on the magnetoelectric coupling behavior of these bilayer structures, which may be caused by a
interfacial effect.
& 2015 Chinese Materials Research Society. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Multiferroic materials, which show simultaneous electric,
magnetic and structural ordering, have attracted tremendous
fundamental and practical interest recently due to their unusual
physical properties and potential device applications [1–4].
Magnetoelectric (ME) coupling as a cross two-ﬁeld effect
(voltage-modulated magnetism and magnetic-ﬁeld-induced electric
polarization) has been demonstrated in both single-phase com-
pounds and composites multiferroics [1,5]. However, the single-
phase compounds have very weak ME coupling [2]. Compared to
the single-phase materials, the multiferroic composites artiﬁcially
formed by combining ferroelectric and ferromagnetic materials
have more feasibilities for applications due to their stronger
magnetoelectric coupling. The composite multiferroics with larger
ME coupling [6–12] include self-assembled vertical heterostruc-
tures, e.g., the sintered composites of Ni(Co,Mn)Fe2O4–BaTiO3,
and CoFe2O4–Pb(Zr,Ti)O3 (PZT) [5–7], and horizontal multilayer10.1016/j.pnsc.2015.08.001
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In comparison, it is easier to take control of the growth of the
horizontal heterostructured thin ﬁlm consisting of alternating
layers of a ferroelectric perovskite and magnetic oxide, and such
horizontal heterostructures can signiﬁcantly reduce the possible
leakage current by isolating the low-resistive magnetic layers with
insulating ferroelectric layers.
The horizontal layered ME composite ﬁlm has been reported to
be optimized by developed technology parameters, in which the
growth sequence of ferroelectric and ferromagnetic phases has a
signiﬁcantly inﬂuence on the composite properties [13]. Therefore,
in this work, the perovskite ferroelectric Bi3.15Nd0.85Ti3O12 (BNT)
and spinel ferromagnetic NiFe2O4 (NFO) are selected for the
present bilayer thin ﬁlms and the inﬂuences of deposition
sequence on the composites properties, and the ME coupling of
the BNT–NFO bilayer structure are investigated.
2. Experimental details
The BNT–NFO bilayer ﬁlm on substrate (Pt/Ti/SiO2/Si) has
been successfully derived by the SOL–GEL method andbH. This is an open access article under the CC BY-NC-ND license
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ferromagnetic properties, as well as strong ME coupling at room
temperature. The inﬂuence of deposition sequence on the electric
and ME properties of the BNT–NFO bilayer ﬁlm has been
investigated in this paper. The different deposition sequence on
Pt/Ti/SiO2/Si(100) substrates includes BNT/NFO/substrate (BNS)
and NFO/BNT/substrate (NBS). Bismuth nitrate [Bi(NO3)3 
5H2O], neodymium nitrate [Nd(NO3)3], and titanium isopropoxide
[Ti(OC4H9)4] were used as precursors for Bi, Nd, and Ti,
respectively for the formation of BNT compound. The BNT
precursor solutions were prepared via the same processing as
reported previously [14]. Separately, the neodymium nitride and
bismuth nitrate (10 mol% excess the amount of bismuth nitride
was used to compensate for the Bi evaporation during annealing)
were dissolved in glacial acetic acid [CH3COOH]. Titanium
isopropoxide with some chelating agent Acetylacetone
[CH3COCH2–COCH3] was dissolved in glacial acetic acid. Then,
the titanium solution was added to the bismuth-dysprosium
solution with continuous stirring (30 min) and acetylacetone as
a stabilizing agent was added to the solution. Finally, the
concentration of the clear purple sol could be adjusted by 2-
methoxyethanol. To get the precursor solution of NFO, nickel
acetate pentahydrate (Ni(CH3COO)2  5H2O) and ferricnitrate non-
ahydrate (Fe(NO3)3  9H2O) were dissolved in acetic acid
(CH3COOH) and ethylene glycol monomethyl ether (CH3OCH2-
CH2OH) with the metal atomic ratio Ni/Fe of 1:2. The ﬁnal
concentration of two kinds of precursor solutions was approxi-
mately 0.05 M. theTwo kinds of bilayer ﬁlms with different
coating sequences were prepared by the spin coating method on
the Pt/Ti/SiO2/Si(100) substrates with both the precursor solutions
at 4000 rpm for 30 s. Each layer of the wet ﬁlms was fully
annealed at 750 1C for 10 min in a rapid thermal annealing furnace
after a drying process at 350 1C for 5 min and a pyrolysis process
at 450 1C for 5 min. This coating process is referred to as one
deposition. The ﬁnal samples were fabricated using eight deposi-
tions for BNT and NFO layers, respectively. The thickness of the
ﬁnal composite thin ﬁlms is 800 nm measured by the step
proﬁler. The thicknesses are predicted to be about 400 nm and
400 nm for BNT layer and NFO layer, respectively, in the
condition of the same solutions concentration and the same
deposition times. Crystalline phases of the prepared composite
ﬁlms were analyzed by X-ray diffraction (XRD) using a D/max-rAFig. 1. XRD patterns of BNT/NFO/substrate bilayer ﬁX-ray diffractometer with CuKα radiation (λ¼0.1506 nm). For the
measurements of the electrical and ME properties, the circular gold
dot electrodes with diameters of 200 μm were coated on the
composite thin ﬁlms by DC sputtering through shadow mask. The
ferroelectric measurements were performed using RT66A standard
ferroelectric test system. The leakage current–voltage (I–V) char-
acteristics were measured by semiconductor testing system (Keith-
ley 4200-SCS, USA). Magnetic properties and ME effects of the
ﬁlms were measured using a superconducting quantum interference
device (SQUID) (MPMS-XL-7, Quantum Design Co.) and a ME
measuring system, respectively. All the measurements were carried
out at room temperature.
3. Results and discussion
Fig. 1 shows the X-ray diffraction (XRD) patterns of NBS
and BNS bilayer ﬁlms with a single-phase perovskite structure
BNT with preferred (200) and (117) orientations, and a spinel
structure NFO with (111), (311), (331) and (511) reﬂections.
The peaks of NFO and BNT have been identiﬁed from their
individual XRD patterns available in the JCPDS data card no.
10325 and 361486, respectively. It was observed that the BNS
and NBS composite ﬁlms have both NFO and BNT phases,
conﬁrming the preparation of a material containing both
ferromagnetic and ferroelectric phases. There are no additional
or intermediate phase peaks apart from BNT and NFO. Fig. 2
displays the surface morphologies of both NBS and BNS
composite ﬁlms. From Fig. 2, one can see that the surfaces of
both the NBS and BNS composite ﬁlms are compact and
smooth, implying the thin ﬁlms with high-quality. The full
width at half-maximum (FWHM) of the peak (111) and (200)
were found to be 0.2691 and 0.2531 for NFO and BNT in BNS
bilayer ﬁlms, respectively. For NBS bilayer ﬁlms, the FWHM
of the peak NFO (311) and BNT (200) were found to be
0.3391 and 0.3081, respectively. The FWHM data indicates
that BNS ﬁlm has higher crystallinity than NBS ﬁlm. This
suggests that NFO easily nucleated- on Pt with a smaller
nucleation barrier than that on BNT. The NFO grown as the
bottom layer between BNT and stiff substrate is more compact
than that NFO grown as the top layer. In addition, it also hints
that BNT easily nucleates on NFO and the nucleation barrier islms (a) and NFO/BNT/substrate bilayer ﬁlms (b).
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following analysis of the electrical and magnetic properties. It
can be depicted that the multiferroic properties will be
sensitively inﬂuenced by the deposition sequence of the BNS
and NBS layered structures.
Fig. 3 shows the DC leakage current characteristics for
NFO–BNT composite thin ﬁlms with different deposition
sequences, i.e., the BNS and NBS structured composite thin
ﬁlms. Compared with the NBS ﬁlms, the BNS ﬁlm has a
smaller leakage current density. This may be due to the fact
that the BNT–NFO interface of the BNS ﬁlm is more compact
than that of the NBS ﬁlm, indicating that the insulating
property of BNS is better than that of NBS ﬁlms.
The polarization versus electric ﬁeld (P–E) hysteresis loops
of BNS and NBS structured composite thin ﬁlms has been
shown in Fig. 4. The well-deﬁned ferroelectric loops were
observed in both BNS and NBS ﬁlms. The remnant polariza-
tion (Pr) values of the deposited BNS and NBS composite thin
ﬁlms were 18.5 and 16 mC/cm2, with the coercive ﬁelds of 106
and 102 kV/cm, respectively. A higher Pr value exhibited in
BNS ﬁlms, which may be due to the higher a-axis orientation
and the better insulating property of the BNS ﬁlms than that of
NBS ﬁlms.
Fig. 5 shows the magnetic hysteresis loops (M–H) of BNS
and NBS composite thin ﬁlms. From Fig. 5, one can see M–H
curves with saturation magnetization Ms of 26 emu/cm
3 for
BNS ﬁlm and 21 emu/cm3 for NBS ﬁlm, presenting thin ﬁlmsFig. 2. SEM surface morphologies of the compos
Fig. 3. The leakage current characteristics of the bilayer thin ﬁlms.of an ordered magnetic structure. A larger saturation magne-
tization Ms value has been exhibited in BNS ﬁlm than NBS
ﬁlm, which is consistent with the fact that the BNS ﬁlm has
higher crystallinity than NBS ﬁlm, as shown in Fig. 1.
A ME effect characterized by the ME voltage coefﬁcient
αE¼dE/dH, is induced by the coupling of the ferroelectric
BNT and ferromagnetic NFO phases in the present bilayer thin
ﬁlms. The ME voltage coefﬁcient αE was measured in terms of
the induced electric ﬁeld E under an applied AC magnetic ﬁeld
of H superimposed onto a DC bias magnetic ﬁeld Hbias. Both
the Hbias generated by an electromagnet and H generated by a
pair of Helmholtz coils are parallel to the ﬁlm plane. The
electric ﬁeld E was measured by a lock-in ampliﬁer. As a
function of applied magnetic bias Hbias, the ME voltage
coefﬁcient αE of the BNS and NBS composite ﬁlms at a ﬁxed
AC magnetic frequency f¼20 kHz has been shown in Fig. 6.
from Fig. 6 one can see that αE increases ﬁrstly and then
decreases to near zero with further increase of Hbias, the largest
values of αE reached at Hbias¼300 Oe. The physical mechan-
ism of this behavior can be given by following discussions.
The large ME effect may be arose from the AC ﬁeld initiated
from dynamic Joule magnetostriction, caused by low-ﬁelds
domain wall motion and large-ﬁelds rotation [15]. This might
explain the sharp increase of αE in the low ﬁeld. As the bias
magnetic ﬁeld reached 300 Oe, αE reached its largest value.
The maximum αE values of the BNS and NBS structures were
56 and 50 mV/cm Oe, respectively. The magnetostriction of theite thin ﬁlms for NBS (a) and BNS (b).
Fig. 4. The P–E hysteresis loops of the BNS and NBS bilayer ﬁlms.
Fig. 6. Variation of αE of BNS and NBS bilayer thin ﬁlms with Hbias at
magnetic frequency f¼20 kHz.
Fig. 5. The magnetic hysteresis loops of the BNS and NBS bilayer ﬁlms.
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nearly constant electric ﬁeld in BNT ferroelectric and reducing
the value of αE. Whereas with a similar rise-and-fall trend, the
αE values of BNS ﬁlm are larger than that of NBS ﬁlm at any
ﬁxed Hbias in the range of 0–1000 Oe. This may be due to the
different constraint statuses in these heterostructured composite
ﬁlms. The NFO grown as the bottom layer between BNT and
stiff substrate was more compact than that NFO grown as the
top layer. These compact bottom ﬁlm will give better BNT–
NFO interface, which improves the ME response when applied
an external magnetic ﬁeld. Therefore, the BNS bilayer ﬁlm
presents a larger ME response than the NBS ﬁlm.
4. Conclusions
Bilayer ME composite ﬁlms with two-layer structures of
BNS and NBS have been fabricated on Pt/Ti/SiO2/Si substratesby the SOL–GEL method and spin-coating process. The
coexistence of ferroelectricity and ferromagnetism, as well as
the ME effect, have been conﬁrmed for both BNS and NBS
bilayer ﬁlms at room temperature. Some differences in their
ferroelectric and magnetic properties and ME coupling beha-
vior exhibit depending on the layer sequences of the bilayer
ﬁlms. The ME voltage coefﬁcient αE of the BNS ﬁlm is larger
than that of the NBS composite ﬁlm due to a possible
enhancing of interface coupling. The BNS structured ﬁlms
have better ferroelectric properties and larger saturation
magnetization than the NBS structured ﬁlms.Acknowledgments
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